The shapes and structures of many randomly selected grain boundaries in BaTiO 3 with 0.1, 0.3 and 0.5 excess mol% of TiO 2 sintered at 1250 C have been examined by TEM. Most of the grain boundaries have flat segments that coincide with low index planes of one of the grain pairs. These low index grain boundaries are likely to be singular. Singular boundary segments appear in a variety of shapes. In the 0.1 mol% Ti specimen, {011} boundary planes appear most frequently, while in the 0.5 mol% Ti specimen, {111} boundary planes are dominant. Some grain boundaries show fine steps with low index terraces indicating that they migrate by the lateral movement of the steps. This step growth mechanism is consistent with the observed slow growth of the matrix grains and abnormal growth of a few grains.
Introduction
The equilibrium shapes of crystals in vapor or liquid are often polyhedral (in particular at low temperatures) with flat surfaces, [1] [2] [3] [4] [5] [6] [7] which are also called singular because they correspond to the cups in the polar plots of the surface energy against the orientation. These singular surfaces are the crystal planes of low indices. There are also singular grain boundaries corresponding to the cusps in the polar plots of the grain boundary energy against the boundary plane orientation (or the inclination angle) and they usually appear as flat segments between grain pairs of various misorientation angles in polycrystals. The flat singular grain boundaries were often observed to be parallel to low index planes on one side and high index planes on the other. Ichinose and Ishida 8) called these 'low index crystal plane grain boundaries', which will be referred to, for brevity, as 'low index grain boundaries' in this report.
The low index grain boundaries were observed in several metals 8, 9) and oxides [10] [11] [12] [13] [14] [15] [16] by normal or high resolution transmission electron microscopy (TEM). But the reported results were often limited to one or two grain boundary segments and it was therefore difficult to judge the frequency of their occurrence. In polycrystalline Au, Ichinose and Ishida 8) reported that about 30% of the grain boundaries observed were low index grain boundaries but the macroscopic shapes of the boundaries were not described. In Ni, 17) 316L stainless steel, 18) a Ni-base superalloy, 19) Si-iron 20) and alumina, 16) grain boundaries with hill-and-valley (h&v) shapes were observed. Although the segments of these boundaries were likely to be singular, the orientations of their boundary planes were not determined. In alumina doped with SiO 2 and CaO, the straight grain boundaries between the basal planes of large abnormal grains or initially single crystals and many small grains of various orientations were shown to be singular grain boundaries. 16) But on the basis of these reported results, it was difficult to understand the form and frequency of the low index grain boundaries in any of these polycrystalline materials. Recent statistical analysis of the distribution of grain boundary planes in polycrystalline MgO, [21] [22] [23] 21) using electron backscattered diffraction (EBSD) mapping showed that the low index grain boundaries were the most numerous. It was thus suggested that the grain boundary energy strongly depended on the grain boundary plane and hence was correlated to the surface energy anisotropy. [21] [22] [23] [24] [25] The low index grain boundaries of various types have been reported in BaTiO 3 with excess Ti. In BaTiO 3 with 0.1 mol% excess TiO 2 , Yamamoto et al. 10, 11) observed that a h&v grain boundary had flat segments with {012} planes on one side. In another BaTiO 3 with nominally 0.2 mol% excess TiO 2 , Lee et al. 12, 13) observed singular grain boundaries and boundary segments with {111} planes on one side. In BaTiO 3 with 0.5 mol% excess TiO 2 , Cho and Yoon 26) observed that many segments of the grain boundaries between impinging large abnormal grains were parallel to the {111} double twins in one of the grain pairs. In a specimen with 0.3 mol% excess TiO 2 , two h&v grain boundaries between small matrix grains had segments lying on {111}, {011} and {012} planes in one side. Although the observations of the low index grain boundaries in BaTiO 3 with excess TiO 2 have thus been more numerous, they have not been sufficiently extensive to judge their form and frequency. Furthermore, there are indications, as will be verified in this work, that the low index planes that form the singular grain boundaries depend on the amount of excess TiO 2 .
Usually, the BaTiO 3 specimens with excess TiO 2 are made by doping BaTiO 3 powder with TiO 2 , but the as-received BaTiO 3 powders can already contain some excess TiO 2 . Therefore, the initial powder composition has to be accurately known or analyzed. Recently, we prepared BaTiO 3 specimens with fairly accurate excess TiO 2 amounts of 0, 0.1, 0.3 and 0.5 mol% by chemically analyzing the initial BaTiO 3 powder and also after ball-milling. 26, 27) When sintered at 1250 and 1300 C, abnormal grain growth occurred with excess TiO 2 over 0.1 mol%, but the nearly polyhedral shapes of the abnormal grains varied with the amount of excess TiO 2 , indicating that the planes of the singular grain boundaries may depend on the amount of excess TiO 2 . Although the occurrence of abnormal grain growth and the previous observations of grain boundary structures indicated that many grain boundaries in these specimens were singular, their frequency and form could not be reliably envisioned. The purpose of this work is to extensively examine the grain 
Experimental Procedure
The same specimens prepared for our previous work on abnormal grain growth 27) were examined in this work. Commercial BaTiO 3 (HPBT-1, Fuji Titanium, Kanagawa, Japan), TiO 2 (Aldrich Chemical Company, Milwaukee, WI) and BaCO 3 (Aldrich Chemical Company, Milwaukee, WI) powders of respectively 99.8, 99.9 and 99.999 wt% purities were used. The average particle size of the BaTiO 3 powder was 0.66 mm and the Ba/Ti ratio was determined to be 0.997 by X-ray fluorescence (XRF) analysis using the mixtures of high purity TiO 2 and BaCO 3 powders as standards. Excess amounts of TiO 2 or BaCO 3 powder were added to obtain estimated net excess-Ti mole fractions of 0.1, 0.3 and 0.5. Each specimen series will be designated by these estimated net excess-Ti mole fractions and sintering time; thus, for example, the 0.3 Ti/24 h specimen for that with estimated excess 0.3 mol% Ti sintered for 24 h. The powder mixture or undoped BaTiO 3 powder was ball-milled in ethyl alcohol for 24 h using poly-prophylene bottle and zirconia balls. The impurities in the powders were analyzed before and after ball-milling by inductively coupled plasma method and it was verified that the zirconia pick-up was less than 4 ppm. The dried slurry was crushed in an agate bowl and sieved to 180 mm. The mixed powder was slightly pressed into disks of 9 mm in diameter and 5 mm in thickness and then isostatically pressed under 200 MPa. The compacts were sintered at 1250 C in air. The heating and cooling rates were 300 C/ min. The sintered specimens were cut, polished and chemically etched in a 95H 2 O-4HCl-1HF (vol%) solution.
The microstructures were observed by a scanning electron microscope (SEM) (SEM515, Phillips, Eindhoven, Netherlands) and a transmission electron microscope (JEM-3010, JEOL, Tokyo, Japan) operated at 300 kV. For TEM observation, the specimens were ultrasonically cut into 3 mm discs, mechanically ground to a thickness of 100 mm, dimpled to a thickness of less than 10 mm and finally ion-milled.
Results and Discussion
As shown earlier 27) and in Fig. 1 , all specimens with excess TiO 2 showed abnormal grain growth. In the 0.1 Ti and 0.3 Ti specimens, the abnormal grains had equiaxial shapes while in the 0.5 Ti specimens the abnormal grains were elongated parallel to the an [111] direction of their double twins. The matrix grains in all specimens, shown in Fig. 2 for the 0.3 Ti/ 24 h specimen as an example, grew very slowly. Between sintering for 1 and 24 h, they grew by only about 5%. Figure 2 shows typical morphologies of the matrix grains as observed by SEM at a low magnification after chemical etching. Some grain boundaries (indicated by black arrows) appeared to be straight and others (indicated by white arrows) appeared to have h&v or stepped shapes. Some appeared to be curved. The matrix grains with their low index zone axes nearly parallel to the beam direction were selected for TEM examination.
The grain boundaries of a grain with a [001] zone axis in the 0.1 Ti/10 h specimen is shown in Fig. 3(a) . There are straight grain boundary segments that lie on (100) and other low index planes of the grain. The low index grain boundary that lies on (ijk) plane at one side will be designated as a (ijk) grain boundary in this report. An ð 1 120Þ grain boundary is shown at different magnifications to confirm its flat shape even at fine scales. There were other boundary segments (indicated by white arrows) that also appeared to be straight and it is possible that they lay on the low index planes of the other surrounding grains. These flat low index grain boundaries are likely to be singular corresponding to the cusps in the polar plots of the grain boundary energy against the boundary normal (the grain boundary Wulff plot). As pointed out earlier, these grains were growing very slowly and the entire segments of the ð 1 120Þ, (100) and ð 1 1 3 30Þ grain boundaries in Fig. 3(a) were straight between the triple points. If these grain boundaries were rough, they would have been curved because of the size difference between the grains. Some grain boundaries (indicated by black arrows) shown in Fig. 3(a) appeared to be curved, but they may have h&v or stepped structures at fine scales. Figure 4 shows a grain boundary in the same specimen with a flat (101) segment that became curved near the triple junction. The high resolution image of the insert shows that the curved segment consists of (101) terraces and small steps. This observation shows that the macroscopic deviation from the low index planes produced by the constraints of the triple junctions can be accommodated by grain boundary steps. It is also possible that this curved segment is migrating by the lateral movement of the steps. Such a structure demonstrates
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[121] that the singular low index grain boundary can migrate by lateral movement of grain boundary steps produced either by two dimensional nucleation as proposed by Babcock and Balluffi 28) or by such defects as dislocations. 29, 30) In the 0.1 Ti/10 h specimen, five grains with low index zones were examined by TEM and all of them showed at least one boundary lying on the low index planes of the grains. The {011} grain boundaries and segments were most frequently observed and {001}, {012} and {013} grain boundaries were also observed.
The specimens with 0.3 mol% Ti also showed a similar variety of singular grain boundaries. Figure 5 shows a grain at the center with ð11 1 1Þ grain boundary segments separated by a ð31 1 1Þ step, a h&v grain boundary with ð 1 1 2 22Þ and ð 3 3 1 11Þ planes and a ð2
1 11Þ boundary segment. There were other flat boundaries and they may have been parallel to the low index planes of the other surrounding grains. Another ð11 1 1Þ grain boundary that is parallel to an ð11 1 1Þ plane on one side and a high index plane on the other is shown in Fig. 6 . Figure 7 shows a grain boundary with a h&v shape of which both segments had low index planes on one side. A h&v grain boundary with ð01 1 1Þ and ð11 1 1Þ segments was shown in our previous report. 26) Figure 8 shows an example of a boundary with fine h&v structures that would have looked curved at lower magnifications. A grain boundary with small (210) terraces and (120) steps was also shown earlier.
26) (Grain boundaries with terrace and step structures can also be considered as h&v boundaries at fine scales.). Figure 9 shows a triple junction indicated by an arrow where three apparently flat boundary segments intersect. Because these are likely to be singular, their equilibrium at the triple junction strongly depends on the boundary torque effect, which may be described by using the capillarity vectors of Hoffmann and Cahn. 31, 32) In the 0.3 Ti/10 h and 0.3 Ti/48 h specimens, 12
grains with low index zones were examined by TEM and all of them showed at least one boundary lying on the low index planes of the grains. The {111}, {001}, {012} and {011} grain boundaries were frequently observed, but there were also {112}, {113}, {114} and {122} grain boundaries as shown in these micrographs. Some grain boundary segments between the large abnormal grains and the matrix grains were parallel to the low index planes of the abnormal grains as shown in Fig. 10 . This (120) boundary shows a periodic structure similar to that observed in a Ti-doped BaTiO 3 by Yamamoto, et al. 10, 11) They attributed such a boundary
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200 nm structure to a segregated TiO 2 layer at the boundary on the basis of electron energy loss spectroscopy. 10, 11) In the 0.5 Ti/10 h specimen, 12 grains with low index zones were examined by TEM and all of them showed at least one boundary lying on the low index planes of the grains. The {111} grain boundaries were most frequently observed and the {011}, {012}, {001} and {013} grain boundaries were also frequently observed as shown in Figs. 11, 12 and 13.
There were very few boundary segments that appeared to be curved even at macroscopic scales indicating that the boundaries were strongly singular. Figure 12 shows a grain at the center with ð1
1 11Þ boundary segments. This ð1 1 11Þ boundary also shows a periodic structure which may be produced by Ti segregation. Figure 13 shows a (201) grain boundary intersecting an (111) boundary with a sharp kink (indicated by an arrow). There were a small fraction of grain
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[001] boundaries that were not parallel to any low index plane on either side as shown in the insert of Fig. 14 . However, the high resolution image in Fig. 14 shows a grain boundary with fine (100) terraces and steps. As pointed out earlier in this report, these low index grain boundaries are likely to be singular and hence thermodynamically stable. They appear so frequently in these specimens because they form with a variety of low index planes on one side. Because the other side can be any high index plane, these singular boundaries and segments form with any misorientation angle between the grain pairs. At the sintering temperature of 1250 C, these low index grain boundaries appeared only when there was excess Ti, but it is possible that even without excess Ti, such singular boundaries can form at low temperatures as in other pure materials such as Au, 
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[111] 50 nm 3) Such low index singular grain boundaries cannot be explained by the coincidence site lattice model or any present theory of grain boundary structure. While the roughening effect of temperature is qualitatively predictable, the effect of additives is not presently understood. Because the singular boundaries migrate by the lateral growth of steps that are either nucleated or produced by such defects as screw dislocations, as indicated by the step structures observed in these specimens, the matrix grains grow very slowly after sintering for 1 h while only a few grains grow abnormally to large sizes. As the excess Ti content increases from 0.1 to 0.5 mol%, the boundaries appear to become more strongly singular and hence the matrix grains grow more slowly as reported earlier. 27) In the 0.5 Ti specimen, the {111} grain boundaries appeared to be most strongly singular (with the largest step free energy) and the abnormal grains also had the largest {111} boundary area. It is likely that the nearly polyhedral shapes of the abnormal grains in the 0.1 and 0.3 Ti specimens also reflect the most strongly singular boundaries.
Conclusions
Previous works showed only selected examples of low index grain boundaries in Ti-excess BaTiO 3 . The extensive examination of randomly selected grain boundaries in this work showed that the majority of the grain boundaries in Tiexcess BaTiO 3 have various low indices on one side with many different shapes. The dominant low index planes also vary with the excess Ti content. The {111} grain boundaries in particular appear to be the most strongly singular in the 0.5 Ti specimen while they hardly appear in the 0.1 Ti specimen. The low index singular grain boundaries also observed in many other materials cannot be satisfactorily explained by present theories of grain boundary structure. The stagnant growth of the matrix grains during abnormal growth of a few grains is consistent with the step migration mechanism of the singular grain boundaries. A small fraction of the grain boundaries that were curved at low magnifications or did not exactly coincide with any low index plane may be rough for their particular misorientation at this sintering temperature or may have become kinetically rough because of their relatively high velocity.
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